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Genetically identical cells in culture often exhibit significant variations, or noise, in gene expression, largely
due to transcriptional bursting. Halpern et al. (2015) have developed methods to study gene bursting in
tissues to find that this transcriptional bursting also occurs in the mammalian liver and may contribute to
functional plasticity in hepatocytes.Within their environment, cells are sub-
jected to many stochastic biochemical
fluctuations that alter their gene expres-
sion and result in different levels of
mRNAs and proteins among genetically
identical cell populations (Kaern et al.,
2005). One consequence of these fluc-
tuations is transcriptional bursting, in
which promoters stochastically transition
between on and off states (Blake et al.,
2006; Yu et al., 2006). This bursting gener-
ates pulses of mRNA transcripts that
produce variability in gene expression,
or noise, within cells, which has been
observed in a wide range of prokaryotic
and eukaryotic cells (Blake et al., 2003;
Raj et al., 2010; Singh et al., 2010). Now
in Molecular Cell, Halpern et al. show
that transcriptional bursting also takes
place in a mammalian tissue (Halpern
et al., 2015). This is significant because
previously it was only possible to observe
cytoplasmic mRNA levels, whereas now,
with the methods developed by Halpern
et al., it is possible to experimentally vali-
date promoter states in mammalian cells
or tissues, to measure rates of promoter
bursting, and to analyze how these vari-
ables impact mRNA expression.
Tissues are aggregates of similarly
specialized cells that work together to
perform a specific function. Halpern et al.
raised the question of whether single-cell
variability exists in tissues, and, if so,
what role it may play. Initially, they used
single-molecule fluorescent in situ hybrid-
ization (smFISH) to detect and localize
mRNA molecules. This method utilizes
complementary nucleic acid probes, con-
jugated to a fluorescent molecule, that
hybridize to target mRNA sequences.This method allows detection of single
mRNAmolecules, enabling the quantifica-
tion of mRNA molecules within individual
cells (Raj and van Oudenaarden, 2008).
Using this traditional smFISH method,
the authors showed that uniform popu-
lations of hepatocytes (with the same
ploidy level, and in the same region)
exhibit highly variable mRNA levels of
Pck1, an important gene in maintaining
glucose homeostasis. Next, to directly
link this variability to promoter bursting, a
new smFISH strategy was developed for
labeling mRNAs that are actively tran-
scribed. In this new method, a dual-color
labeling approach of introns and exons
was established to visually separate
the nascent mRNAs (containing introns)
from the cytoplasmic mRNA (no introns).
This distinction is important because, for
the first time, it allows for the labeling of
active transcription sites in mammalian
cells, facilitating the quantification of all
gene expression parameters: burst frac-
tion (promoter state), transcription rates
(average nascent mRNA production at
active transcription site), and total mRNA
degradation rates (comparing nascent
mRNA to cytoplasmic mRNA). Altogether,
this powerful new method allows for the
calculation of nascent mRNA at each
transcription site along with the length of
time the promoter is actively transcribing
(burst fraction), and allowed the authors
to quantify promoter states, transcription
rates, and transcript lifetimes in the intact
mouse liver. This analysis showed that
most promoters display transcriptional
bursting rather than constant activity.
The authors then applied this new
method to study the complexity underlyingDevelopmentalwhole-organ physiology. They conducted
an elegant series of experiments to investi-
gate the role of bursting in different meta-
bolic states in mice: fasting and highly
fed. Looking at two genes that play a
key role in maintaining liver metabolism,
they found that Pck1 and G6pc are both
upregulated in fasting conditions via an
increase in both transcript production
and mRNA degradation rate. Conversely,
1 hr after feeding the animals, transcript
production and mRNA degradation are
significantly decreased (Figure 1). At first
glance, these observations appear coun-
terintuitive. Why do transcript production
rates and mRNA degradation rates in-
crease at the same time?Asdemonstrated
in this study, genes in the liver are
transcribed in a two-state transcriptional
bursting fashion, rather than being con-
tinuously expressed. As transcription in-
creases, as seen in the fasting state with
respect to Pck1 and G6pc, the transcrip-
tional bursting becomes more frequent,
generating more nascent mRNAs. The
rate of mRNA production exceeds the
rate of degradation, leading to increased
expression, despite the elevation in degra-
dation rate. In the fed state, transcription
of Pck1 and G6pc is decreased, which
keeps the promoter in the off state longer,
resulting in a decrease in the number
of nascent mRNA (Figure 1). Altogether,
this work demonstrates that the combina-
tion of burst fraction, transcription rate,
and mRNA degradation rate enables cells
to switch between different functional
states in response to changing physiolog-
ical conditions.
The observations described by Halpern
et al. raise compelling questions regardingCell 33, April 6, 2015 ª2015 Elsevier Inc. 3
Figure 1. Physiological Outcomes Based on Defined Gene Expression Parameters
The liver plays an essential role in glucose homeostasis. When blood glucose (blue circles) levels are low
(i.e., fasting), the liver converts its stored glucagon into glucose and releases it into the bloodstream,
raising blood glucose levels. When blood glucose levels are high (i.e., after eating a meal), the liver re-
moves glucose from the bloodstream and stores it as glucagon, lowering the blood glucose levels. Hal-
pern et al. show that the expression parameters of G6pc play an important role this physiological
response. During fasting conditions (left), G6pc expression is upregulated and transcribed in a frequent
bursting fashion, in which the promoter switches between off (open circles) and on (green circles) states.
Because the transcriptional bursting produces mRNA at a faster rate than it is degraded, mRNA accumu-
lates within the cell despite the increased degradation rate. During fed conditions (right), G6pc expression
is downregulated, decreasing the frequency of transcriptional bursting. Under these conditions, the time
between transcriptional bursts is longer, and the mRNA is degraded before the next transcriptional burst
occurs, resulting in little to no mRNA accumulation in the cell.
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Previewshow tissues and organs manage gene
expression levels and rapidly respond to
physiological changes. Interestingly, liver
tissue contains cells with different ploidy
levels, from 2 to 16 copies of each chro-
mosome (Duncan et al., 2010). The physi-
ological significance of this polyploidy is
not known. However, Halpern et al. find
that polyploid cells show reduced vari-
ability in cytoplasmic mRNA concentra-4 Developmental Cell 33, April 6, 2015 ª2015tions, suggesting that the presence of
multiple copies of a gene reduces gene ex-
pression noise created by transcriptional
bursting. To better understand the sig-
nificance of changes in bursting levels, it
would also be interesting to determine
whether healthy and diabetic mouse
models have the same mRNA and protein
degradation reaction times upon feeding.
Differences could lead to novel therapeuticElsevier Inc.approaches for treating patients with dia-
betes. In summary, the study by Halpern
et al. opens the door for further analysis
of dynamics in gene expression and of
how these dynamics affect tissue function
under both normal homeostatic conditions
and diseased states.REFERENCES
Blake, W.J., KAErn, M., Cantor, C.R., and Collins,
J.J. (2003). Nature 422, 633–637.
Blake, W.J., Bala´zsi, G., Kohanski, M.A., Isaacs,
F.J., Murphy, K.F., Kuang, Y., Cantor, C.R., Walt,
D.R., and Collins, J.J. (2006). Mol. Cell 24,
853–865.
Duncan, A.W., Taylor, M.H., Hickey, R.D., Hanlon
Newell, A.E., Lenzi, M.L., Olson, S.B., Finegold,
M.J., and Grompe, M. (2010). Nature 467,
707–710.
Halpern, K.B., Tanami, S., Landen, S., Chapal, M.,
Szlak, L., Hutzler, A., Nizhberg, A., and Itzkovitz, S.
(2015). Mol. Cell 58, 1–10.
Kaern, M., Elston, T.C., Blake, W.J., and Collins,
J.J. (2005). Nat. Rev. Genet. 6, 451–464.
Raj, A., and van Oudenaarden, A. (2008). Cell 135,
216–226.
Raj, A., Rifkin, S.A., Andersen, E., and van Oude-
naarden, A. (2010). Nature 463, 913–918.
Singh, A., Razooky, B., Cox, C.D., Simpson, M.L.,
and Weinberger, L.S. (2010). Biophys. J. 98,
L32–L34.
Yu, J., Xiao, J., Ren, X., Lao, K., and Xie, X.S.
(2006). Science 311, 1600–1603.
